Introduction
============

Alkenes, alkynes, and arenes are three ubiquitous unsaturated substructures in numerous compounds. Chemical reactions that link alkenes, alkynes, and arenes are highly useful in both industry and academic research, because the products of their union could provide a versatile platform for the synthesis of bioactive and medicinally relevant molecules, fine chemicals, and monomers for polymerization, as exemplified by Heck, ring-closing metathesis, Sonogashira, and related reactions.[@cit1] The dual functionalization of alkenes is currently considered as one of the most straightforward approaches for the construction of multi-functional compounds.[@cit2] However, the catalytic, enantioselective, and three-component arylalkynylation of alkenes is rare.[@cit3]

Due to the high oxidation state of the iodine center, hypervalent diaryliodonium salts readily interact with transition metals in redox processes and are widely used in the formation of aryl--carbon and aryl--heteroatom bonds,[@cit4] an important field known as arylation chemistry.[@cit5] In those studies, a combination of a Cu catalyst and diaryliodonium salts has recently emerged as a very useful and efficient strategy for arylation *via* a high oxidation state Cu([iii]{.smallcaps})--aryl intermediate that behaves as an activated aryl cation.[@cit6] Despite great advances, the arylation-initiated double functionalization of alkenes with diaryliodonium salt remains relatively unexplored.[@cit7] Taking advantage of the unique electrophilic property of copper([iii]{.smallcaps})--aryl species, in 2012, Gaunt and co-workers reported the first example of Cu-catalyzed arylation of simple alkenes with diaryliodonium salts.[@cit7a] The same group further realized the cascade enantioselective arylation and subsequent cyclization of allylic amide; a regiodivergent outcome was observed when using the electron-poor iodonium aryl group.[@cit7b] Very recently, they reported a copper-catalyzed enantioselective arylative semipinacol rearrangement of allylic alcohols using diaryliodonium salts ([Fig. 1](#fig1){ref-type="fig"}, eqn (a)).[@cit7c] Notably, in those cases, the privileged bisoxazoline (BOX) ligand imparts excellent *enantio*-induction in the arylation step.[@cit7d],[@cit7e] Recently, Liu reported an elegant example of copper catalyzed enantioselective radical relay trifluoromethyl alkynlylation of styrene derivatives ([Fig. 1](#fig1){ref-type="fig"}, eqn (b)). In addition, \[Cu(dpp)~2~\] ^+^PF~6~ (dpp = 2,9-diphenyl-1,10-phenanthroline) complexes could serve as photocatalyst and promote the aryl radical generation from diaryl iodonium salt under green LED.[@cit7f] We envisaged that, a proper combination of copper, ligand and substrate, a reduction of diaryl iodonium salt with generation of aryl radical under thermal conditions might be viable.

![Copper-catalyzed enantioselective arylalkynylation of styrenes.](c9sc04029c-f1){#fig1}

We have been interested in the radical difunctionalization of alkenes including feedstock 1,3-butadiene.[@cit8]*C*~2~-symmetric bisoxazoline-carbazole (Cbzbox), a tridentate monoanionic ligand known as one class of "pincer" ligands, which have been found to effectively stabilize other 3d transition metals, such as Cr, Fe, Ni, Cu, and Zn. The resulting metal complexes exhibit high activities and stereoselectivities for a broad range of asymmetric reactions, featuring Lewis acid catalysis in most cases;[@cit9] Cbzbox--chromium complex could reduce carbohalides to alkyl radicals for Nozaki--Hiyama--Kishi reactions.[@cit8a] We hypothesized that, Cbzbox--copper([i]{.smallcaps})-complex could serve as a single-electron reductant to reduce diphenyliodonium salt to generate a phenyl radical to initiate the alkene difunctionalization. Herein, we describe a novel copper-catalyzed three-component coupling reaction involving a mono-substituted alkyne, styrene, and diaryliodonium salt, enabled by a bisoxazoline-phenylaniline (*t*Bu-BOPA)--copper complex ([Fig. 1](#fig1){ref-type="fig"}, eqn (c)). A broad range of substrates efficiently participate in this coupling reaction, leading to valuable *enantio*-enriched diarylated propargylic compounds, a privileged segment observed in pharmaceutical agents,[@cit10] and an advanced intermediate leading to functional materials not easily accessible through other methods.[@cit11] Preliminary mechanistic studies support a radical pathway. This process represents a valuable alternative reaction mode to existing methods of Cu-catalyzed arylfunctionalization of alkene with diaryliodonium salt.[@cit7],[@cit12]

Results and discussion
======================

We selected *p*-methyl styrene, diaryliodonium salt, and a terminal alkyne to test the three-component coupling reactions by varying different reaction parameters. After extensive experiments of screening various multidentate ligands, we found that reaction of **1a** with diphenyliodonium hexafluorophosphate **3a** and phenyl acetylene **2a**, with terpyridine as the ligand and 10 mol% of Cu(MeCN)~4~PF~6~ as the catalyst, gave a moderate yield of racemic **4aa** ([Table 1](#tab1){ref-type="table"}, entry 2). Gratifyingly, using iPr-Cbzbox **L1**,[@cit13]**4aa** was obtained in comparable yield with an enantiomeric excess (ee) of 67% ([Table 1](#tab1){ref-type="table"}, entry 3). Inspired by this, we tested a variety of Cbzbox with different substituents (**L2--L6**). However, no better results in terms of ee were obtained ([Table 1](#tab1){ref-type="table"}, entries 4--8). Surprisingly, bisoxazoline-phenylaniline (iPr-BOPA) **L7** with a flexible backbone led to product in equal level of ee (60%) ([Table 1](#tab1){ref-type="table"}, entry 9).[@cit14] Further adjustment of the substituents on the BOPA ligand resulted in a reaction catalyzed by *t*Bu-BOPA **L9** that gave a 78% yield of **4aa** in 86% ee ([Table 1](#tab1){ref-type="table"}, entry 1).

###### Evaluation of chiral ligands and other reaction parameters

  ![](c9sc04029c-u1.jpg){#ugr1}                                                                  
  ------------------------------- ------------------- ------------------------------------------ ------------------------------------------
  1                               None                78[^*d*^](#tab1fnd){ref-type="table-fn"}   86[^*d*^](#tab1fnd){ref-type="table-fn"}
  2                               2,2,2-Tripyridine   68                                         ---
  3                               **L1**              53                                         67
  4                               **L2**              60                                         52
  5                               **L3**              52                                         57
  6                               **L4**              32                                         8
  7                               **L5**              35                                         35
  8                               **L6**              Trace                                      ---
  9                               **L7**              69                                         60
  10                              **L8**              49                                         55
  11                              **L10**             ---                                        ---
  12                              **L11**             59                                         0
  13                              Cs~2~CO~3~          65                                         85
  14                              Na~2~CO~3~          57                                         84
  15                              CuI                 59                                         86
  16                              CuBr                63                                         86
  17                              Toluene             34                                         85
  18                              THF                 49                                         83
  19                              0 °C                45                                         86

^*a*^The reaction conditions were styrene (0.2 mmol), diphenyl iodonium salt (0.25 mmol), alkyne (0.4 mmol), Cu([i]{.smallcaps}) (5 mol%), base (0.4 mmol), ligand (5 mol%), at 20 °C unless noted otherwise.

^*b*^Determined by ^1^HNMR analysis with internal standard (diethyl phthalate).

^*c*^Determined by chiral HPLC analysis, the absolute configuration was assigned by single crystal X-ray analysis of *ent*-**4f**, see ESI for further details.

^*d*^Isolated yield.

Other privileged chiral ligands, such as Pybox and Box, were also briefly examined, yet they are not effective for the current reaction, and neither gives promising enantiocontrol (entries 11 and 12). A systematic investigation of other parameters revealed that changing the solvent to something other than acetonitrile and using other bases in place of K~2~CO~3~ and other Cu-catalysts except Cu(MeCN)~4~PF~6~ all had a deleterious effect on both the yield and ee of the product (entries 13--18). Lowering the reaction temperature did not improve the enantioselectivity (entry 19). Notably, under the current reaction conditions, side-products derived from two-component reactions, *e.g.*, the Heck reaction[@cit7a] or Sonogashira reaction, are negligible.

Having optimized the reaction conditions, we next investigated the scope of the copper-catalyzed three-component coupling with regard to the styrene partner ([Table 2](#tab2){ref-type="table"}). We were delighted to find that styrene with mono *para*-substituted aryl groups that were electron deficient (**4a**, **4b**), electron rich (**4c--4f**), and halogen-containing (**4g--4i**) reacted well. Interestingly, medicinally relevant CF~3~O and HCF~2~O could also be tolerated (**4j**, **4k**). Br and F could be allowed at the *meta*-position (**4l**, **4m**). A further substrate scope study revealed that double substitutions at different positions did not affect the reaction efficiency (**4n**, **4o**). Heterocyclic functionality including thiophene and thiazole also worked well (**4p**, **4r**). 4-Methyl thiazole and 3-methyl-thiophene with a slightly increased steric hindrance gives a much higher ee (**4q** and **4s**). However, for *ortho*-substituted styrenes, such as 1-fluoro-2-vinylbenzene and 1-vinylnaphthalene, either a low yield or ee was observed. We further tested the performance of nonactivated alkenes in the difunctionalization. A variety of alkenes bearing different functional groups participated in this aryl alkynylation efficiently, leading to products in moderate to good yields. For sterically unbiased products, the product was racemic (**4t**); we reasoned that, it\'s difficult for chiral ligand to discriminate two vicinal methylene groups. To our delight, with sterically demanding substitutions, enantiomeric induction was observed (**4u--4x**). By careful tuning of the steric and electronic properties of substrates, and condition optimization, ee was improved to 47% with product **4x**. Interestingly, trimethyl(vinyl)silane was good substrate as well, allowing a facile introduction of TMS at the propargylic position (**4x**), other heteroatoms such as nitrogen could be tolerated, 9-vinyl-9*H*-carbazole reacted well to give the desired product (**4dd**). Internal alkenes, including cyclohexene and norbornylene reacted well, giving products in moderate yields with excellent *trans*-selectivity (**4z**, **4bb**). Surprisingly, an enantiomeric excess was obtained for **4bb**. After thorough survey of chiral ligands, **L9** gave the best result, 53% ee was obtained. Reaction of (*E*)-1,2-diphenylethene proceeded well to give **4cc** in moderate yield and fare ee. Alkene derived from Estrone could be arylalkynylated in equal efficiency (**4ee**).

###### Substrate scope study with alkenes

  -------------------------------
  ![](c9sc04029c-u2.jpg){#ugr2}
  -------------------------------

This three-component coupling proceeded efficiently with a range of readily available mono-arylated ethynes. Benzeneethynes with either electron-donating groups, such as Ph, MeO, and *t*Bu ([Table 3](#tab3){ref-type="table"}, **5a--5d**), or electron-withdrawing, such as Br, F, and CO~2~Me (**5e--5g**), all gave desired products in good yields and good-to-excellent ees. Hetero aryl alkynes such as 2-ethynylthiophene were suitable substrates as well (**5h**). To our delight, ethynyltrimethylsilane was successfully engaged in these three-component coupling reactions, leading to **5i** in moderate yield and a useful level of ee, and further functionalization is possible by removing the TMS. Interestingly, a ferrocene could be introduced into the arylated propargylic system in equal efficiency (**5j**). A systematic examination of aliphatic alkynes revealed that a moderate ee was obtained for most cases, except cyclopropyl acetylene, which yielded the desired product at a useful level with excellent ee (**5k**). Finally, we tested the catalytic system with a series of diaryliodonium salts. A number of aryl-substituted iodonium salts proved to be good substrates for this reaction, leading to diversified products (**5l--5r**). Iodonium salt bearing a heteroaryl group such as pyridine was good substrate, leading to product **5s** in good yield and moderate ee. We tested other hypervalent iodonium salts with various transfer functionalities including cyano, alkyne, vinyl and CF~3~, however, only Togni reagent provides the desired product in low yield and moderate ee.

###### Substrate scope study with alkyne and diaryl iodonium salt

  -------------------------------
  ![](c9sc04029c-u3.jpg){#ugr3}
  -------------------------------

Control experiments were conducted to probe the possible mechanism of this copper catalyzed three-component coupling reaction ([Scheme 1](#sch1){ref-type="fig"}). Upon the addition of radical trapping agent TEMPO, the reaction was totally shut down, indicating a radical mechanism might be possible (eqn (1)). A cyclization experiment with diene **6** was further conducted (eqn (2)). **6** was subjected to the standard conditions in place of styrene, and ring-closing took place leading to the cyclized product **7** with 3 : 1 *cis*/*trans* selectivity, a typical reactivity and stereoselectivity that have been reported for the cyclization of the derived secondary alkyl radical.[@cit15]

![Control experiments for radical probe.](c9sc04029c-s1){#sch1}

Next, the reaction was monitored by electron paramagnetic resonance spectroscopy (EPR) with and without 5,5-dimethyl-1-pyrroline *N*-oxide (DMPO), and the corresponding EPR spectrum indicated the existence of copper([ii]{.smallcaps})[@cit16] and benzylic radical species, a benzylic DMPO adduct more likely formed based on spin coupling parameters ([Fig. 2](#fig2){ref-type="fig"}).[@cit16b] These results suggest an aryl radical, instead of a Cu([iii]{.smallcaps})--aryl species, is likely involved in the reaction pathway.

![EPR spectra of reaction in the presence of DMPO.](c9sc04029c-f2){#fig2}

Based on the literature[@cit12] and these findings, we proposed a reaction mechanism ([Fig. 3](#fig3){ref-type="fig"}). Cu([i]{.smallcaps})X undergoes ligand exchange with Ln in the presence of base leading to complex Cu([i]{.smallcaps})Ln.[@cit17] A subsequent interaction with alkyne in presence of base through a π copper([i]{.smallcaps}) alkyne complex yields \[LnCu([i]{.smallcaps})(C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CR)\]^--^ K^+^ (A), which could be oxidized by diaryliodonium salt to provide a copper([ii]{.smallcaps}) species LnCu([ii]{.smallcaps})(C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CR) (B) with a simultaneous formation of an aryl radical.

![Proposed reaction mechanism.](c9sc04029c-f3){#fig3}

Moreover, the cyclic voltammogram of copper acetylide show a reversible wave at --2.42 V *versus* the saturated calomel electrode (SCE) corresponding to the Cu([i]{.smallcaps})/Cu([ii]{.smallcaps}) redox couple.[@cit16c] The Ph~2~I+/PhI + Ph. have reduction potential *E* = --0.7 *versus* SCE.[@cit18] Those results suggest that the SET process form copper acetylide to diaryl iodonium salt may be viable.[@cit16] Notably, \[Cu(dpp)~2~\]\[PF~6~\] (dpp = 2,9-diphenyl-1,10-phenanthroline) could promote aryl radical generation from diaryl iodonium salt under light irridiation.[@cit12] The organic radical was trapped by the styrene to generate a benzylic radical. Two possible pathways might be as follows: in path a, the benzylic radical reacts with copper([ii]{.smallcaps}) delivering a copper([iii]{.smallcaps}) complex (C), which undergoes reductive elimination to generate the product, with the regeneration of the catalyst. Alternatively, in path b, the benzylic radical could undergo direct out-of-cage bond formation with the copper([ii]{.smallcaps}) species to provide the same result. Related examples of this so-called radical relay strategy have been extensively studied by Liu,[@cit19],[@cit11f] Liu[@cit20] and Xiao.[@cit21] Alternatively, the reaction might proceed through a electrophilic Cu([iii]{.smallcaps})--Ph intermediate, although less likely, it cannot be ruled out.[@cit7a]-[@cit7c]

In this study, beside the unusual BOPA ligand employed for enantioselective C--C bond formation, the observation of moderate 53% ee for **4bb** suggests a possible interaction of phenyl radical species with chiral copper complex, which could potentially explain the selectivity when unsymmetrical diarylidonium salts were used. Aryl group with less steric hindrance prefer to transfer, which is in contrast to free aryl radical species.[@cit12a] Further improvement of the interesting asymmetric aryl alkynylation of nonactivated alkene relies on the detailed mechanistic study by elucidating the identity of enantiodetermining step and ligand development.

1,2-Diaryl-3-butynes are core structure of bioactive molecules for sphingosine 1-phosphate (S1P) receptormodulators, estrogen receptor-beta potency-selective ligands.[@cit10] Traditional approach towards this motif required multistep synthesis, the current strategy offer a straightforward and divergent entry to enantioenriched form ([Scheme 2](#sch2){ref-type="fig"}). Meanwhile, propargylic compounds are valuable intermediates in organic synthesis, and they can participate in a wide range of transformations at the carbon--carbon triple bond. We briefly demonstrate the potential utilization of these products. The simple cleavage of the trimethylsilyl group provides a free alkyne, which could serve as the coupling partners in both Sonogashira and click reactions.[@cit22] Hydrogenation of the triple bond leads to saturated products in excellent yields.

![Utilities of diarylated propargylic compounds.](c9sc04029c-s2){#sch2}

Conclusions
===========

In summary, we report here a copper-catalyzed enantioselective arylalkynylation of styrene using diaryliodonium salt enabled by a BOPA--Cu([i]{.smallcaps}) complex. Under mild reaction conditions, an array of alkynes, alkenes, and diaryliodonium salts are good substrates leading to valuable propargylic products with good to excellent enantioselectivity. In contrast to the existing copper-catalyzed aryl difunctionalization of an alkene with diaryliodonium salt through an electrophilic aryl--Cu([iii]{.smallcaps}) species, BOPA--Cu catalysis is more likely *via* a phenyl radical pathway based on preliminary mechanistic studies. This novel asymmetric coupling reaction holds potential for further expansion and application in functional molecule synthesis.
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